.
Murine 6050AJ EC cells exposed to sodium butyrate possess hyperacetylated forms of histones H4 and altered forms of histones H2a and H2b, whereas These alterations might be necessary to facilitate accessibility of the nucleosomal DNA to RNA polymerase binding or function (6) (7) (8) .
Structural changes have been variously ascribed to differential interactions of nonhistone chromosomal proteins with mononucleosomes (9, 10) ; alterations in methylation of specific regions of the DNA (11, 12) ; and postiranslational modifications of core-particle histories due to phosphorylation or hyperacetylation (6, 8, 13) .
The accumulation of hyperacetylated core particle histories is one of many changes occurring during rapid cell growth, maturation, and cell differentiation .
When cell cultures are exposed to millimolar concentrations of sodium butyrate they accumulate hyperacetylated core-particle histones, notably histories H3 and H4, due to the inhibition of activity of histone deacetylase(s) (14, 15) . Such treatments can lead to the initiation of new gene expression resulting in, for example, the production of alphafetoprotein in rat hepatoma cells (16) (17) , and the differentiation of murine erythroleukemia and human neuroblastoma cells (18, 19) . The induction of EC cell differentiation by the former compound appears to be mediated by its interaction with a specific cellular binding protein (cRABP) (24, 25) . HMBA does not compete with RA for cRABP sites, although evidence has been presented to suggest that its effectiveness is also related in some way to cRABP function : mutant EC lines that lack detectable levels of cRABP fail to differentiate in response to either RA or HMBA (25, 26) . Finally, it has been proposed that the RA- influencing gene expression by interaction with chromatin (24) . The alterations in the pattern of gene expression would presumably be specific, involving suppression of genes characteristic of undifferentiated cells and activation of other genes that lead to a differentiated phenotype .
To determine whether sodium butyrate, an agent that appears to cause random gene activation (27) , is capable of promoting differentiation of EC cells, we added this chemical to three cultured EC lines and compared its effects with those of RA and HMBA . One of the cell lines studied lacks cRABP activity and is defective for differentiation. The results indicate that sodium butyrate can cause dramatic alterations in the phenotype of EC cells and suggest that the differentiationdefective mutant under study possesses one or more intact cRABP structural gene(s) reactivated by sodium butyrate .
MATERIALS AND METHODS
Cell Lines and Culture Techniques : Sources, derivations, and properties of EC cell lines 6050AJ, PCC4.aza1R, and PCC4(RA)-1 have been described previously (20, 25) . Cells were grown at 37°C (5% C0 2 in air) in Dulbecco-modified Eagle's medium supplemented with 10% fetal calf serum, antibiotics, and extra glucose and glutamine (20) . Cells were exposed as indicated to 10-6 M RA, 3 mM HMBA, 1-3 mM sodium butyrate or a combination of RA and sodium butyrate for up to 10 d. Procedures involving RA were carried out in a room in which light of wavelengths <550 nm was filtered out .
Detection of SSEA-I Antigen: The presence or absence of cell surface stage-specific embryonic antigen (SSEA-1), whose expression is characteristic of undifferentiated EC cells (28) , was determined by immunofluorescence analysis: briefly, after culture for 5 d in plastic tissue culture dishes containing medium with or without chemical effectors, cells were rinsed with Hank's balanced salt solution and fixed with cold methanol for 10 min . The fixed cells were rinsed with phosphate-buffered saline and incubated for 45 min with a monoclonal antibody raised against SSEA-1 (28) and diluted 1 :300. The cells were washed with phosphate-buffered saline and exposed to a fluoresceinconjugated secondary antibody (Litton Bionetics, Frederick, MD ; 1 :20) for 45 min . After a further wash, the stained cells were evaluated with a Leitz Orthoplan microscope equipped with Ploem illumination.
Assays for Plasminogen Activator: Cells were assayed for secretion of plasminogen activator by the fibrin-agar overlay assay as described by Beets et al . (29) . Sparse cultures were incubated under the overlay for 6 h . Fibrinolytic zones were identified and counted following Coomassie Brilliant Blue staining. A total of 300 single cells were scored for each experimental condition .
Isolation of Histones : Histones were isolated by a modification of the procedures of Vidali et al . (30) and Candido et al . (31) . Briefly, monolayers were disrupted by a brief trypsinization and cells were pelleted and washed in phosphate-buffered saline . The cell pellet was resuspended in reticulocyte suspension buffer (10 mM Tris pH 7 .4, 10 mM NaCl and 3 MM M902) containing 0 .1% phenylmethylsulfonylfluoride and washed twice. Cells were then lysed in reticulocyte suspension buffer containing 0 .5% Nonidet P-40 for 5 min at 0°C . After centrifugation at 8,000 g the supernate was made 0.2 N in H 2SO . and mixed gently for 15 min at 0°C . Acid-soluble proteins were collected following centrifugation at 12,000 g for 10 min. The histones in the supernate were precipitated overnight in 10 vol cold acetone at -20°C . After sedimentation at 3,000 g, histories were dissolved in 0 .1 M acetic acid, dialyzed .1 h against 0.1 M acetic acid, and lyophilized . Protein determinations were by BioRad protein assay (Bio-Rad Laboratories, Richmond, CA) (32).
Acid-Urea Polyacrylamide Analysis of Histones : Histories were analyzed by acid-urea gel electrophoresis on 15% acrylamide : 0.8% bisacrylamide slab gels containing 6 .25 M urea (33) . 30 t<g of total histones in 2 .5 M urea/5% acetic acid buffer were electrophoresed 24 h at 200 V with cooling . Gels were stained 1 h in 7% acetic acid containing 1% Amido black and I h in 0 .1 % Coomassie Blue in 7% acetic acid :5% methanol . Gels were destained in 7% acetic acid:5% methanol. of unlabeled RA at 0°C for 4 h ; unbound RA was subsequently removed with charcoal-coated dextran . Reaction mixtures were then subjected to sucrose density gradient centrifugation (25) or Sephadex G25 chromatography (34) and MCCUE fractions were collected and counted . Specific binding activity is calculated as the difference in the labeled RA associated with the excluded volume of the Sephadex column or the 2S region of the gradient in the absence and presence of excess unlabeled RA .
Measurement of Cellular Retinoic

RESULTS
Effects of Sodium Butyrate on EC Cell Morphology
Under normal culture conditions, 6050AJ and PCC4 .aza1 R EC cells are characteristically small and round with scant cytoplasm and large nuclei containing prominent nucleoli (e.g., Figs. IA and 2A) . After exposure to 10-6 M RA or 3 mM HMBA, cells from lines 6050AJ and PCC4 .aza1R assume a differentiated phenotype, i .e., flat, polygonal cells with increased cytoplasmic volume and a dispersed chromatin pattern (Fig. 1, B and C, and references 25, 26) . Treatment of the same cells with 1 mM sodium butyrate induces similar morphological differentiation of a substantial fraction of the cells (Figs . 1 D and 2B ) without evidence of toxicity or notable effects on proliferation (Fig.  3A) . As Fig. 2C illustrates, PCC4 .aza1R cells with altered morphology retained this phenotype for at least 72 h after removal of sodium butyrate .
Under standard culture conditions, PCC4(RA) -1 cells appear small, rounded and birefringent ( Fig. 4A ; references 25, 26) . After exposure to 1 mM sodium butyrate, the cells flatten somewhat and acquire a more typical EC morphology (Fig.  4B ). The proliferation rate is only slightly affected (Fig. 3B) . There is no sign of cells with a non-EC phenotype . When PCC4(RA) -1 cells are exposed to 3 mM sodium butyrate, extensive toxicity is observed. However, if cells are cultured for 1 d in I mM sodium butyrate before exposure to the inducer at 3 mM, some toxicity is observed but there is no net loss of cells ( Fig. 3B ; parental PCC4 .azal R cells behave similarly [ Fig. 3A] ) . Of the surviving PCC4(RA) -1 cells, 10% possess a fibroblastic morphology . When 10 -6 M RA is added concomitantly with the sodium butyrate, there is no further effect upon viability (Fig. 3B ) but many more of the treated PCC4(RA)-1 cells assume an altered morphology ( Fig . 6, B and F) . Expression of SSEA-1 is lost by 6050AJ and PCC4 .aza 1 R cells after exposure to sodium butyrate ( Fig. 6D; and reference 26) , as is observed when these 604 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 cells are treated with RA or HMBA (26) (Fig. 6F) or HMBA (26) . In the presence of sodium butyrate, some cells lose reactivity to SSEA-1 antibody (not shown). After treatment with sodium butyrate plus RA, the population that loses reactivity is substantial and the remaining fluorescence does not appear to associate characteristically with cell surfaces (Fig. 6H) .
Production of Plasminogen Activator
Measurement of plasminogen activator secretion by the fibrin-agar overlay assay demonstrated low basal levels of secretion in 6050AJ, PCC4 .azalR, and PCC4(RA) -1 cells when maintained in the absence of inducers . Exposure to 10 -6 M RA causes a marked increase in the number of lysis zones surrounding single 6050AJ and PCC4 .aza1R cells but has little effect on PCC4(RA) -1 mutant cells (Table I ) . In the presence of sodium butyrate 6050AJ and PCC4 .aza1R cells also show large increases in the number of plasminogen activator-secreting cells, although the values are not as great as those seen after treatment with RA . Plasminogen activator secretion by PCC4(RA) -1 cells is essentially unaffected by exposure to sodium butyrate. However, when these cells are treated with sodium butyrate plus RA, there is a large increase in the number of secreting cells (Table I) . (Fig. 7, A and B) . Differentiation of 6050AJ cells induced by either RA or HMBA does not notably alter the acetylation patterns . The only obvious change observed is a reduction in the amount of histone H4Z (Fig. 7A, lanes 3 and 4) . However, upon induction of differentiation of these EC cells with sodium butyrate, there is a marked increase in histone subspecies H4Z , H43 , and H44 with a concomitant decrease in the amounts of histone H4o and H4, (Fig. 7A, lane 2) . There is also an increase in subspecies of histones H2a and H2b . Untreated PCC4(RA)-1 cells and PCC4(RA) -1 cells exposed to either 10-6 M RA or 3 mM HMBA yield identical complements of total histones (Fig. 7 B) and the patterns are similar to those obtained with nonmutant EC cells . As Fig. 7 B illustrates, histones isolated from sodium butyrate-treated PCC4(RA)-1 cells also exhibit an accumulation of multiacetylated forms of histone H4 (H4Z -H44), as well as multiple forms in the histone H2a/H2b region of the gel .
Effects of Sodium Butyrate on Cellular RAbinding Protein in Mutant Cells
In the absence of treatment with inducers of differentiation, 6050AJ (35) and PCC4.aza1R (35 ; Fig. 8 B and Table II) . Levels of cRABP often change when EC cells are induced to differentiate ; the values reached appear to reflect the nature of the differentiated progeny (35) . When PCC4.aza1R cells are treated for several days with RA, cRABP values rise about threefold (Table II) . A more modest increase is observed following exposure of the cells to sodium butyrate .
The very low levels of cRABP activity in PCC4(RA) -1 cells do not change following treatment of the cells with RA (Table  II) . However, when PCC4(RA)-1 cells are exposed to sodium butyrate with or without RA, and are tested for the presence of binding protein, cytosolic extracts show levels of binding activity which are elevated more than 10-fold (Table II) . Binding of ['H]RA can be dramatically reduced with an excess of unlabeled RA and resides in the 2S region following sucrose gradient sedimentation (Fig. 8 A) . In these respects, the activity resembles the cRABP activity found in other EC cells (24, 25) .
DISCUSSION
After treatment with sodium butyrate, 6050AJ and PCC4 .aza1 R cells undergo dramatic morphological alterations, secrete markedly increased amounts of plasminogen activator and lose SSEA-1 surface antigen. Taken together, FIGURE 5 Long-term effects of sodium butyrate plus RA upon PCC4(RA) -1 cells . Cells were exposed to 1 mM sodium butyrate for 1 d and subsequently to 3 mM sodium butyrate plus 10-6 M RA for 9 d . (A) cluster of cells with a fibroblastic morphology ; (B) cluster of cells with an epitheloid morphology . these phenotypic alterations demonstrate clearly that differentiation has occurred (20, 25, 26, 28, 34) . Histone H4 from sodium butyrate-treated EC cells is hyperacetylated as has been observed with other cells (13) . Multiple forms ofhistones H2a and/or H2b are also observed. These might represent acetylated subspecies as well, although it is possible with these histone types that the variation is due to phosphorylation (6, 31) . As has been suggested previously (1, 6) , resultant modifications at the nucleosome level might be partially or fully responsible for the alterations in gene expression that yield the observed phenotypic changes (18, 19) . If so, then the mechanism by which butyrate promotes differentiation of EC cells is different from the one(s) operative with RA or HMBA since these agents did not induce alterations in histone profiles in our studies .
In a previous report (23) it was claimed that F9 EC cells are unresponsive to sodium butyrate (concentration unspecified) . In that study and others, dibutyryl cAMP, when added along with RA, was shown to enhance the phenotypic differences between EC cells and the ultimate differentiated derivatives (23, (36) (37) (38) (39) . However, the enhancing effect was presumably due to the cAMP rather than the butyrate moiety since 606 THE JOURNAL OF CELL BIOLOGY " VOLUME 98, 1984 agents such as cholera toxin elicit the same response (23) . It remains to be determined by a systematic analysis whether F9 and other EC cells not used in the present investigation are responsive or unresponsive to sodium butyrate.
In various studies involving new gene expression in the presence of sodium butyrate, the effects appeared to be reversed when the chemical was removed (19, 27) . Our preliminary observations with PCC4.aza 1 R cells (see Fig. 2 C) suggest that the described effects of butyrate upon these cells is irreversible . This is consistent with the view that butyrate has triggered the permanent differentiation of EC cells rather than some transient alteration.
Three notable points emerge from the response of the differentiation-defective cell line PCC4(RA)-1 to sodium butyrate : (a) these cells are less responsive to the inductive effects of sodium butyrate than the parental line (PCC4.azaIR) and a second, unrelated EC line (6050AJ) ; (b) although RA fails to induce differentiation of PCC4(RA)-1 cells and sodium butyrate alone has only a modest effect, the combination of sodium butyrate plus RA promotes extensive differentiation ; and (c) although PCC4(RA) -1 cells possess little, if any, detectable cRABP activity, butyrate-treated cells possess high levels of cRABP . The large increase of cRABP activity in PCC4(RA)-I cells is unlikely to be due only to differentiated cells formed in these cultures because activity levels are similar whether cells are treated with butyrate alone (in which case there is little differentiation) or with butyrate plus RA (a condition promoting substantial differentiation) . Two possibilities are suggested by these observations. The first is that the paucity of cRABP activity in PCC4(RA) -1 cells is not due to structural mutations in the cRABP genes but rather due to a trans-acting regulatory block which can be reversed by butyrate . Alternatively, assuming that the cRABP gene is not X-linked, it is conceivable that in PCC4(RA)-1 cells, one of the two genes for cRABP is mutated whereas the homolog is intact but epigenetically silenced (see reference 17). Sodium butyrate treatment might reactivate the latter cRABP gene by altering chromatin structure . Whichever alternative is correct, our results suggest that sodium butyrate restores the ability of PCC4(RA) -1 cells to differentiate by reestablishing the retinoid-cRABP pathway ; thus, a maximum effect is seen only when RA is added along with the sodium butyrate .
Finally, the fact that nonmutagenized cells are more responsive than PCC4(RA)-1 cells to butyrate alone might indicate that alternate pathways are potentially operative in the former cells but to a lesser degree in the latter. It has already been observed that cRABP-mutants are relatively unresponsive to inducers of differentation other than retinoids (25, 26) . Studies are in progress to determine why this is so . 
